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In con t r a s t  with previous ly  desc r ibed  mul t ip ly-exposed single holograms ,  used for  i n t e r f e rome t ry  ac-  
cording to a p r inc ip le  f i r s t  desc r ibed  by Gabor,  Stroke,  Res t r ick ,  Funkhouser  and Brumm,  in t e r f e ro -  
me t r i c  image 'coding'  and 'decoding'  may be accompl ished in diffuse l ight with two separa te ly  r eco rded  
ho lograms .  
T h e  p o s s i b i l i t y  of a d d i n g  t he  c o m p l e x  a m p l i -  
t u d e s  of t he  e l e c t r i c  f i e l d  v e c t o r s  in  two w a v e -  
f r o n t s  by s u c c e s s i v e l y  d o u b l e - e x p o s i n g  a single 
h o l o g r a m  w a s  f i r s t  s u g g e s t e d  by G a b o r ,  S t r o k e  , 
R e s t r i c k ,  F u n k h o u s e r  a n d  B r u m m  [1],  and  d e m o n -  
s t r a t e d  by t h e m  f o r  a n  ' i m a g e - s y n t h e s i s '  a p p l i c a -  
t ion .  S e v e r a l  i n t e r f e r o m e t r i c  a p p l i c a t i o n s  (e .g.  of 
t h e  t w o - b e a m  type)  s u g g e s t e d  by t h a t  w o r k  h a v e  
a l s o  b e e n  d e m o n s t r a t e d  in  a n u m b e r  of c a s e s  
[2 -4 ] .  A n o t h e r  e a r l y  e x a m p l e  of a m u l t i p l e - e x -  
p o s e d  h o l o g r a m  w a s  d e s c r i b e d  by S t r o k e  a n d  F a l -  
c o n e r  [5] in  c o n n e c t i o n  w i t h  ' m u l t i - d i r e c t i o n a l  
i l l u m i n a t i o n  and  m o v i n g  s c a t t e r e r s ' .  In  t h e s e  a n d  
o t h e r  c o m p a r a b l e  e x p e r i m e n t s ,  single h o l o g r a m s  
w e r e  u s e d  fo r  i n t e r f e r o m e t r i c  and  o t h e r  p u r p o s e s ,  
w i t h  o r  w i t h o u t  ' d o u b l e '  o r  m u l t i p l e  e x p o s u r e .  
I t  i s  of a p a r t i c u l a r  i n t e r e s t  to  show t h a t  c o m -  
p l e x  a m p l i t u d e s  in  two w a v e f r o n t s  m a y  be  i n t e r -  
f e r o m e t r i c a l l y  a d d e d  by m e a n s  of two separate 
h o l o g r a m s ,  r e c o r d e d  i n d e p e n d e n t l y  in  two s e p a r a t e  
e x p o s u r e s .  T h e  i n t e r f e r o m e t r i c  a d d i t i o n  m a y  be  
p e r f o r m e d ,  f o r  e x a m p l e ,  by p l a c i n g  t he  two h o l o -  
g r a m s  nex t  to e a c h  o t h e r ,  w i t h  t he  e m u l s i o n s  in 
c l o s e  ' c o n t a c t '  and  s u i t a b l y  a l i g n e d  d u r i n g  the  
r e c o n s t r u c t i o n  p r o c e s s .  I t  i s  a l s o  of i n t e r e s t  to 
d e m o n s t r a t e  t h a t  an  i n t e r f e r o m e t r i c a l l y  ' d e c o d e d '  
i m a g e  m a y  be  o b t a i n e d ,  w i t h  t he  a id  of a s u i t a b l e  
' d e c o d i n g '  h o l o g r a m  H2 in a c a s e  w h e r e  t he  f i r s t  
h o l o g r a m  H I of a p h a s e  o b j e c t ,  of i n t e r e s t ,  h a s  
b e e n  r e c o r d e d  by i l l u m i n a t i n g  t h e  o b j e c t  w i th  a 
r a n d o m l y  d i f f u s e d  w a v e f r o n t ,  o r  i n d e e d  by l e t t i n g  
t he  h o l o g r a m  ' l o o k '  a t  t he  p h a s e  o b j e c t  through a 
d i f f u s i n g  g l a s s  (or  o t h e r  d i f f u s o r )  p l a c e d  n e x t  to 
it.  
T h e  m a t h e m a t i c a l  t h e o r y  of t he  i m a g e - r e c o n -  
s t r u c t i o n  o b t a i n e d  w i t h  t he  two ' a d j a c e n t '  h o l o -  
g r a m s  (in p h y s i c a l  o r  e q u i v a : e n t  o p t i c a l  c o n t a c t )  
i s  c o m p a r a b l e  to  t he  t h e o r y  g i v e n  in  o u r  r e f .  1, 
f o r  t he  g e n e r a l  c a s e ,  and  in o u r  r e f .  2 f o r  a 
s p e c i a l  c a s e ,  f o r  single m u l t i p l y - e x p o s e d  h o l o -  
g r a m s ,  p r o v i d e d  t h a t  i t  i s  u n d e r s t o o d  t h a t  t he  
i n t e n s i t i e s  in  t he  two ' p a r t i a l  h o l o g r a m s '  a d d e d  
in t he  single h o l o g r a m s  of o u r  r e f .  1 and  2 a r e  
Fig. 1. Holographic i n t e r f e rome t ry  a r r a n g e m e n t  used 
both in the record ing  and in the recons t ruc t ion .  P = 
phase  object  (see r econs t ruc t ed  image in fig. 2), D = 
diffusor,  L = col l imat ing lens,  HI ,H  2 = holograms.  
The record ing  of H 1 is obtained by in te r fe rence  of the 
field sca t t e r ed  by P+D with the coherent  r e fe rence  
background produced by L. The record ing  of H2 is ob- 
tained by in te r fe rence  of the r e fe rence  background 
with the field s ca t t e r ed  by D alone (with P removed):  
a c l ea r  g lass  plate  of thickness  comparable  to H 1 was 
placed in f ront  of H 2 during the recording,  for compen-  
sat ion (H 1 was r eco rded  through its g lass  support ,  a 
Kodak 649 F mic rof la t  plate).  The white a r rows  show 
the l ight path used to i l luminate  Hl+H 2 in the r econ-  
s t ruc t ion  (P and D are  not used in the recons t ruc t ion;  
p+d and d, in H 1 and H 2 a re  symbolical) .  The 75 mm 
length of D gives the sca le  of the a r r angemen t .  
157 
Volume 20, number  2 P H Y S I C S  L E T T E R S  1 F e b r u a r y  1966 
now s i m p l y  a d d e d  by m e a n s  of t he  two s e p a r a t e l y  
r e c o r d e d  h o l o g r a m s ,  p l a c e d  in c l o s e  c o n t a c t  w i th  
e a c h  o t h e r .  L e t  a R be  t he  c o m p l e x  a m p l i t u d e  
d i s t r i b u t i o n  p r o d u c e d  on  t he  h o l o g r a m  H 1 by a 
r e f e r e n c e  s o u r c e  R ( s i t u a t e d  in t he  f o c a l  p l a n e  
of t he  l e n s  L in f ig.  1), and  l e t  ap+d be  t he  c o m -  
p l e x  a m p l i t u d e  d i s t r i b u t i o n  p r o d u c e d  on  H1 by t he  
a r r a n g e m e n t  o b j e c t  P + d i f f u s o r  D, w h e r e  t h e  
f i e l d  s c a t t e r e d  by t he  p h a s e  o b j e c t  P m a y  a c t u a l l y  
b e  r e c o r d e d  through t h e  d i f i u s o r ,  a s  in fig.  1. ( F o r  
t h e  t h e o r y  of h o l o g r a p h y  w i th  d i f f u s e l y  i l l u m i n a t e d  
p h a s e  o b j e c t s ,  s e e  e .g .  r e f s .  5 and  6). L e t  a d be  
t h e  c o m p l e x  a m p l i t u d e  p r o d u c e d  in t he  p l a n e  of 
t h e  h o l o g r a m s  by t he  d i f f u s o r  D a l o n e  (wi th  t h e  
o b j e c t  P r e m o v e d ) .  T h e  i n t e n s i t y  r e c o r d e d  in the  
2 2 * * f i r s t  h o l o g r a m  H 1 i s  [1 = aR+ap+d+aRap+d+aRap+d, 
and  t he  i n t e n s i t y  r e c o r d e d  in the  s e c o n d  h o l o g r a m  
H 2 i s  12= a2~ a2+aRa~+a*Ra d. In t he  r e c o n s t r u c -  
t i o n  p r o c e s s ,  t he  two h o l o g r a m s  a r e  p l a c e d  c a r e -  
fu l ly  a l i g n e d ,  w i t h  t he  e m u l s i o n s  ( i .e .  I 1 and  12) 
in  c o n t a c t .  T h e  c o m p l e x  a m p l i t u d e  of t he  w a v e  
t r a n s m i t t e d  t h r o u g h  H 1 a n d  H 2 in t h e  two s e p a -  
r a t e d  i m a g e - f o r m i n g  s i d e - b a n d  t e r m s  [6] i s  
(HI+2) + = R(ap+d +ad) and (HI+2)_ = aR(ap+ d +ad) , 
which will give by holographic (Fourier or Fres- 
nel [6]) transformation complex-amplitude dis- 
tributions in the side-band images proportional 
to (Ap+ d + Ad) and (Ap+ d + Ad) , where Ap+ d 
= Ad~p, and Ap respectively A d are the complex 
amplitude distributions in the waves transmitted 
through the phase object P, respectively the dif- 
fusor D, when they are illuminated by a plane 
spatially coherent monochromatic wave (here 
6328 /~ laser light). It immediately follows that 
the complex amplitudes in the reconstructed 
images will be proportional to (Ap + I), res- 
pectively (Ap + I), showing that an interfero- 
metrically decoded image has indeed been re- 
constructed. Fig. 2 shows an interferometrical- 
ly decoded image of a phase object letter "~o" 
and word "phase") obtained according to this 
principle, in the arrangement of fig. I. 
Physically, the complex addition obtained 
with two holograms may be understood, also, 
by noting that the complex addition results from 
a superposition of the image-forming waveiront, 
reconstructed by the first hologram HI, on the 
image-forming wavefront reconstructed by the 
second hologram H 2. In a sense, our two-holo- 
gram holography arrangement may be considered 
as an interferometric 'image decoding' arrange- 
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Fig. 2. In te r fe romet r i ca l ly  decoded r econs t ruc t ed  im-  
age obtained with the two "coded" (H1) and "decoded" 
(H2) holograms in fig. 1. A s i m i l a r  i n t e r f e rog ram can 
be obtained by double-exposure  of a single hologram 
(with or without the use  of the coding diffusor),  when 
no decoding by a second hologram is of in te res t .  
ment, in which a 'coded' hologram H I of a phase 
object P may be made to produce a 'decoded' 
image with the aid of a separately recorded 'de- 
coding' hologram. Clearly, with a phase object 
having no steep phase gradients (compared to the 
gradients in the diffusor), the coded hologram 
H I will not be capable of revealing its 'key' (pro- 
duced by the diffusor) by any holographic or inter- 
ferometric process. The second hologram H2, 
with the recording of the 'key' is required for the 
reconstruction of the image of the phase object. 
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